The yeast ABC transporter Pdr5 plays a major role in drug resistance against a large number of structurally unrelated compounds. Although Pdr5 has been extensively studied, many important aspects regarding its molecular mechanisms remain unresolved. For example, a striking degeneration of conserved amino acid residues exists in the nucleotide binding domains (NBDs), but their functional relevance is unknown. Here, we performed in vivo and in vitro experiments to address the functional asymmetry of NBDs. It became evident by ATPase activity and drug transport studies that catalysis at only one of the two NBD composite sites is crucial for protein function. Furthermore, mutations of the proposed ''catalytic carboxylate'' (E1036) and the ''catalytic dyad histidine'' (H1068) were characterized. Although a mutation of the glutamate abolished ATPase activity and substrate transport, mutation of H1068 had no influence on ATP consumption. However, the H1068A mutation abolished rhodamine transport in vivo and in vitro, while leaving the transport of other substrates unaffected. By contrast to mammalian P-glycoprotein (P-gp), the ATPase activity of yeast Pdr5 is not stimulated by the addition of substrates, indicating that Pdr5 is an uncoupled ABC transporter that constantly hydrolyses ATP to ensure active substrate transport. Taken together, our data provide important insights into the molecular mechanism of Pdr5 and suggest that not solely the transmembrane domains dictate substrate selection.
The yeast ABC transporter Pdr5 plays a major role in drug resistance against a large number of structurally unrelated compounds. Although Pdr5 has been extensively studied, many important aspects regarding its molecular mechanisms remain unresolved. For example, a striking degeneration of conserved amino acid residues exists in the nucleotide binding domains (NBDs), but their functional relevance is unknown. Here, we performed in vivo and in vitro experiments to address the functional asymmetry of NBDs. It became evident by ATPase activity and drug transport studies that catalysis at only one of the two NBD composite sites is crucial for protein function. Furthermore, mutations of the proposed ''catalytic carboxylate'' (E1036) and the ''catalytic dyad histidine'' (H1068) were characterized. Although a mutation of the glutamate abolished ATPase activity and substrate transport, mutation of H1068 had no influence on ATP consumption. However, the H1068A mutation abolished rhodamine transport in vivo and in vitro, while leaving the transport of other substrates unaffected. By contrast to mammalian P-glycoprotein (P-gp), the ATPase activity of yeast Pdr5 is not stimulated by the addition of substrates, indicating that Pdr5 is an uncoupled ABC transporter that constantly hydrolyses ATP to ensure active substrate transport. Taken together, our data provide important insights into the molecular mechanism of Pdr5 and suggest that not solely the transmembrane domains dictate substrate selection.
ATPase activity ͉ multidrug resistance ͉ substrate recognition T he plasma membrane ABC transporter Pdr5 is a central element of the pleiotropic drug resistance (PDR) network in the yeast Saccharomyces cerevisiae (1) . The phenomenon of PDR has received special attention as the Cdr1 orthologue overexpressed in azole-resistant Candida spp. hampers therapy of infections with opportunistic fungal pathogens affecting patients with impaired immune systems (2) .
Numerous studies unraveled the complex nature of the yeast PDR network (3) , which is composed of several stress response factors and transcriptional regulators, ultimately controlling expression of PDR5 and related drug pumps (4) . Pdr5 is the most abundant ABC transporter in S. cerevisiae, capable of extruding hundreds of structurally unrelated hydrophobic compounds across the plasma membrane in an ATP-dependent manner (5) (6) (7) . The discovery that mutations in the transcription factor Pdr1 lead to a dramatic overexpression of PDR5 has opened the possibility to study the function of this ABC transporter in vivo and in vitro (5) (6) (7) (8) . Characterization in a cellular context and/or the native membrane environment provide an excellent tool to assay the substrate specificity and the ATPase and transport activities without interference from solubilization and purification in detergents, which have also been proposed to be substrates of Pdr5 (9) .
Like all functional ABC transporters, Pdr5 carries two transmembrane domains (TMDs) and two nucleotide binding domains (NBDs). The NBDs contain all characteristic sequence motifs of ABC proteins, such as the Walker A and B motifs; the C-loop, the hallmark of the ABC family; and the H-and D-loop sequences (10) . However, the primary structure of Pdr5 reveals a profound asymmetry between the two NBDs (Fig. 1A) . The highly conserved lysine of the Walker A motif and the histidine of the H-loop are missing in the N-terminal NBD (NBD1), whereas the C-loop sequence in the C-terminal NBD (NBD2) deviates from the canonical amino acids (LNVEQ instead of LSGGQ). The crystal structures of isolated NBDs (for a recent review, see ref. 11) and of fully assembled ABC transporters (for example, ref. 12), demonstrated a ''head-to-tail'' arrangement of NBDs that suggests a functional asymmetry in Pdr5 with one corrupted and one intact catalytic site. Here, the intact site, sandwiched between the Walker A motif of NBD2 and the C-loop of NBD1, will be referred to as the ''NBD2 composite'' site. The corrupted site, the NBD1 composite site, includes the nonconsensus residues from the Walker A motif of NBD1 and the C-loop of NBD2.
Furthermore, two opposing models of ATP hydrolysis in ABC transporters have been proposed, the ''catalytic carboxylate'' (13) and the ''catalytic dyad'' models (14) . According to the first model, the glutamate C-terminal to the Walker B motif is essential for ATP hydrolysis. Interestingly, in Pdr5, this glutamate (E1036) is present only in NBD2 but not in NBD1 (Fig.  1 A) . The second, the catalytic dyad model, proposed an interaction between the glutamate and the histidine of the H-loop as a prerequisite for ATP hydrolysis. Again, the histidine is only found in NBD2 of Pdr5 (H1068) (Fig. 1 A) . Remarkably, both models are supported by experimental data (15, 16) , and, currently, it is not even clear whether ATP hydrolysis occurs by a single universal mechanism in ABC transporters or whether certain subfamilies use different mechanisms.
A fascinating feature of ABC transporters is the cross-talk between substrate binding and ATP hydrolysis. Many ABC systems display a so-called ''basal'' ATPase activity in the absence of transport substrates, which, however, is stimulated in the presence of substrates. In the case of P-gp, basal and stimulated ATPase activity are thought to reflect two different modes of operation and are a prerequisite to ensure the proper function of this human drug efflux pump (17) . In contrast, the substrate transport and ATP hydrolysis appear strictly coupled in the bacterial uptake systems for histidine and maltose (18, 19) , because ATPase activity is only observed in presence of transport substrates in reconstituted systems. The existence of cou-pled and partially uncoupled systems raises the question of the evolutionarily benefit from an energy-wasting uncoupled mode.
Here, we report functional and mutational studies of Pdr5 in yeast cells and in highly enriched plasma membrane preparations. The results shed new light on the functional asymmetry of both NBDs and suggest that substrate selection in this eukaryotic multidrug transporter might be dictated not only by the TMDs, but presumably also by nucleotide-protein interactions.
Results
Functional Characterization of Pdr5. We performed site-directed mutagenesis of the S. cerevisiae multidrug transporter Pdr5 to study its mechanism of ATP hydrolysis. The constructed mutants were characterized in vivo by analyzing their substrate specificities, and in vitro via ATPase and transport assays, using preparations of highly enriched plasma membranes. (Fig.  1B, PDR5) (5, 20, 21) , whereas cells deleted of PDR5 were highly susceptible to all tested drugs (Fig. 1B, pdr5⌬) . Because the presence of a removable N-terminal histidine-tag did not affect Pdr5-dependent drug resistance phenotypes or its expression levels (data not shown), we used only the tagged Pdr5 version in all subsequent experiments.
The disruption of the PDR5 promotor and PDR5 (for details, see SI Text) resulted in cells being more resistant against FA and R123 when compared with cells lacking only PDR5 (Fig. 1B;  pdr5pdr5prom⌬) . Immuno-detection of Pdr5 in a crude cell extract confirmed the complete absence of Pdr5 (data not shown). Therefore, the observed drug resistance can depend only on the PDR5 promotor, not PDR5. Interestingly, the PDR5 promotor acts bidirectionally, also controlling expression of YOR152C, which may be involved in the phenomenon of drug resistance as well (4, 9) .
We constructed mutant variants of Pdr5 and used cell-based resistance assays to address (i) the function of NBD1 and NBD2 and (ii) the mechanism of ATP hydrolysis. The asymmetry of NBD1 and NBD2, already evident from the primary structure, was assessed by mutation of highly conserved residues within the Walker A sequence motifs ( Fig. 1 A, C199A and K911A ). Both residues may be essential for ATP hydrolysis and transport activity in related (22) (23) (24) and more distant ABC transporters (25, 26) . In the case of Pdr5, mutation of the Walker A cysteine in NBD1 resulted in cells with a drug resistance phenotype undistinguishable from WT cells (Fig. 1B, C199A ). The corresponding mutation in NBD2 (K911A) resulted in hypersensitive cells against all tested drugs with the only exception (Fig. 1B,   K911A ) of a very modest resistance to FA. This result was confirmed in an alternative drug susceptibility assay in liquid culture (Fig. S2) , and may be due to alternative drug resistance mechanisms controlled by the expression of the YOR152C gene neighbouring PDR5 (see above).
Taken together, these data clearly demonstrate a functional nonequivalence of NBD1 and NBD2 in Pdr5. Consistent with previous studies, a catalytically active NBD1 composite site appears to be dispensable for protein function, whereas the NBD2 composite site is essential for drug transport.
To test, whether Pdr5 hydrolyzes ATP according to the catalytic carboxylate or the catalytic dyad model, the glutamate adjacent to the Walker B motif and the histidine of the H-loop in NBD2, individually proposed to be essential for catalytic activity, were mutated to glutamine and alanine, respectively ( Fig. 1 A, E1036Q and H1068A ). Cells expressing the E1036Q mutant were highly sensitive against all tested drugs, with only residual resistance against FA (Fig. 1B, E1036Q ). However, cells expressing the H1068A mutant are highly resistant to KA, FA, and CHX but exhibit a dramatic loss of resistance to R123 (Fig.  1B, H1068A ). This was confirmed by liquid culture assays (Fig.  S2 ). Therefore, this histidine is not essential for Pdr5 function, and ATP is most likely hydrolyzed by the catalytic carboxylate mechanism. However, the loss of resistance against R123 in the H1068A mutant raises the question for the role of the H-loop in the selection of substrates.
Isolation of S. cerevisiae Plasma Membranes.
For a more detailed analysis of the constructed PDR5 mutants, we isolated plasma membranes from mutant cells according to a protocol pioneered by Goffeau and coworkers (7, 27) . A specific band could be assigned to Pdr5 (asterisk in Fig. 2 Upper) but was missing in control membranes from pdr5⌬ cells. This was further confirmed by immunodetection of Pdr5 (Fig. 2 Lower). No immunoreactivity was observed for plasma membranes isolated from pdr5⌬ cells. The identity of the second prominent band in the Coomassie-stained SDS/PAGE (double asterisks in Fig. 2 Upper) was analyzed by mass spectrometry and identified as the plasma membrane ATPase Pma1 (data not shown).
ATPase Activity of Pdr5. Isolated plasma membranes were subsequently used to characterize the Pdr5-specific ATPase activity. The ATPase activity of Pdr5 peaks over a relatively broad pH range (Fig. 3A , Pdr5 WT) and was reduced severely by the addition of 20 g/ml oligomycin (OM). The maximal OMsensitive ATPase activity of 2.2 Ϯ 0.3 mol⅐(mg⅐min)
Ϫ1 was determined at pH 9.5. Control membranes lacking Pdr5 exhibited only background activity of 0.20 Ϯ 0.02 mol⅐(mg⅐min)
How do the results from the drug susceptibility assays relate to ATPase activities observed for mutants of NBD1 and NBD2? As depicted in Fig. 3B , the C199A mutant (Walker A motif of 
NBD1) exhibited an ATPase activity identical to WT
In contrast, the equivalent mutation K911A in NBD2 strongly impaired the ATPase activity [0.
These results mirror the observations of the drug susceptibility assays, which identified a crucial role of the NBD2 composite site for protein function.
Further insights into the mechanism of ATP hydrolysis were obtained from the analysis of the H1068A and E1036Q mutants. If the proposed catalytic carboxylate is mutated (E1036Q), no significant Pdr5-specific ATPase activity was detectable [0.3 Ϯ 0.1 mol⅐(mg⅐min) Ϫ1 ]. The H1068A mutant should exhibit, according to the catalytic dyad model, no Pdr5-specific ATPase activity. However, the steady-state ATPase activity of the H1068A mutant was identical to WT Pdr5
Transport Activity of Pdr5 and Its Mutant Variants. In parallel to the ATPase activity, we analyzed the capability of Pdr5 and its mutant variants to transport rhodamine 6G (R6G) in vitro. Active transport of this fluorescent dye is monitored by an ATP-, Mg 2ϩ -, and Pdr5-dependent fluorescence quenching reaction, which reflects the concentration-dependent formation of nonfluorescent R6G excimers upon its redistribution between the leaflets of the plasma membrane bilayer (7) . Full reversibility of R6G quenching was confirmed with several inhibitors, such as OM, vanadate, beryllium fluoride, FK506, or EDTA (Fig. S3) .
Only membranes containing Pdr5 mediated dye transport (Fig. 3D , Pdr5 WT and no Pdr5). Mutants with abolished ATPase activity exhibited no active transport, demonstrating that ATPase activity is a prerequisite for transport. Analysis of the transport activities of Walker A variants (Fig. 3E, C199A and K911A) provided further proof for the functional asymmetry of NBD1 and NBD2. The K911A mutant in NBD2 abolished Pdr5-mediated dye transport, whereas the equivalent mutation in NBD1 (C199A) exhibited similar dye transport as WT Pdr5. Taken together, the presented in vivo and in vitro data provide compelling evidence that ATP hydrolysis and active drug transport are catalyzed exclusively by the NBD2 composite site.
The central role of a functional NBD2 for drug transport becomes even more evident, when the transport assay was performed with additional mutants. Significantly, the H1068A and E1036Q mutations (both located in NBD2) abolished active dye transport (Fig. 3F, H1068A and E1036Q ). Numerous independent studies on different ABC transporters proposed a crucial role for these residues in ATP hydrolysis. However, the H1068A mutation impaired solely R6G transport and had no impact on the observed steady-state ATPase activity (Fig. 3C,  H1068A ). According to available crystal structures, this residue is most likely in close proximity to the ␥-phosphate of ATP (14, 25, 28) . If this holds true for Pdr5 as well, it implies that the absence of the histidine in the H1068A mutant directly or indirectly affects the R6G selection at the substrate binding site.
To learn more about this intimate cross-talk, we determined the impact of several drugs on the Pdr5-specific ATPase activities.
ATPase Activity of Pdr5 Is Uncoupled from Drug Transport. Many ABC transporters exhibit a severalfold stimulated ATPase activity in the presence of their transport substrate. However, many ABC transporters display also a so-called basal or ''substrateuncoupled'' ATPase activity that was observed even in the absence of substrates (29) . In the case of P-gp, the ATPase activity exhibits a biphasic response to transport substrates. At low concentrations of added drugs, the basal ATPase activity is stimulated severalfold (30) , whereas it is inhibited at higher concentrations. Hence, we determined ATPase activities of Pdr5 in the presence or absence of well known substrates (FA, KA, CHX, and R6G) and an inhibitor of Pdr5-mediated drug resistance (FK506) at different concentrations ranging from picomolars to millimolars (see Fig. S4 ). Remarkably, no significant stimulation of ATPase activity above the basal level could be observed for all tested drugs. However, some of the tested substances, including R6G, inhibited the Pdr5-specific ATPase activity at high concentrations (Fig. S4) . The data were fitted by using a model for ATPase inhibition by inhibitory drug concentrations (Eq. 1). The K i values for this inactivation are summarized in Table 1 . n represents the number of independent experiments. The F test was used to test the assumption that the K i value of the H1068A mutant and the WT version were distinct. The assumption was only rejected for KA (P Ͼ 0.05). Thus, significantly higher concentrations of R6G, R123, and FK506 were required to inhibit the H1068A mutant compared with WT Pdr5. Smaller molecules like FA and CHX did not inhibit the ATPase activity of both Pdr5 versions (data not shown). Thus, consistent with data from systematic studies by Golin et al., it became evident that a strong size dependence determines the interaction between Pdr5 and its substrates (6, 31) .
Discussion
Functional Asymmetry in Pdr5. Our parallel in vitro and in vivo analysis of Pdr5 revealed nonequivalent functions of NBD1 and NBD2 (Figs. 1 and 3) . ATP-hydrolysis at the NBD1 composite site is negligible, whereas ATP-hydrolysis at the NBD2 composite site is essential for drug transport. Consistent with our data, similar observations have been made in earlier studies of Pdr5 and the closely related multidrug transporter Cdr1 from Candida glabrata (5, 24) . In sharp contrast, other studies indicated a critical role of the Walker A motif in the NBD1 of Cdr1 from C. albicans for ATPase activity and transport (22, 23) . However, swapping experiments between NBD1 and NBD2 in Cdr1 support our interpretation that ATP hydrolysis at the NBD2 composite site is more critical for protein function (32) . Such functional asymmetry has also been described for other related ABC transporters (25, 33, 34) . Thus, the role of the NBD1 composite site could be architectural, by providing in its nucleotide bound form a platform for the interaction with the opposing NBD, or regulatory, as proposed for the N-terminal NBD of the cystic fibrosis transmembrane conductance regulator (33) .
Residues involved in ATP hydrolysis. Numerous studies in the field of ABC transporters were dedicated to the mechanism of ATP hydrolysis. Because of the complex and to some extent contradicting data, this issue remains under dispute (13-16, 25, 34) . As already stated above, two mutually exclusive models have been proposed. Our simplistic approach in this study was to mutagenize two key residues, each of them individually proposed to be essential (Figs. 1B and 3C ). The functional characterization of these mutant variants resulted in several major observations: First, the proposed catalytic carboxylate E1036 adjacent to the Walker B motif is essential for ATP hydrolysis. Second, the mutation of H1068, according to the catalytic dyad essential for ATP hydrolysis, did not have any impact on the observed steady-state ATPase activity. Third, the basal ATPase activity was not stimulated by any substrate tested, implying that ATPase and transport are uncoupled in Pdr5 (Fig. S4) . Fourth, and most important, the mutation of H1068 selectively abolished transport of R6G by Pdr5 (Fig. 1B) .
Not surprisingly, because the proposed catalytic carboxylate E1036 is crucial for ATP hydrolysis, it is essential for R6G transport and mediating drug resistance in living cells as well. Notably, and in contrast to other ABC systems (14, 35, 36) , Pdr5 is the first ABC transporter for which a mutation of the H-loop histidine to alanine did not affect the steady-state ATPase activity. Strikingly, the observation that the H1068A mutation abolishes R6G transport without any impact on the observed ATPase activity clearly represents a novelty in the field of ABC transporters (Fig. 3) .
Uncoupled ATPase activity of Pdr5. We determined the steady-state ATPase activity of Pdr5 in the presence of different substrates (Table 1 and Fig. S4 ) to further investigate the communication between substrate binding and ATP hydrolysis. Because none of the substrates stimulated the steady-state ATPase activity of Pdr5 we concluded that Pdr5 is a strictly uncoupled transport system exhibiting only basal ATPase activity. Several substrates, however, even inhibited the ATPase activity of Pdr5, implying that substrate release from the transporter may be rate-limiting. Most likely, this inhibition is due to a substrate-mediated lock of the outward facing conformation. Taking into account the observations by Golin et al., this substrate-mediated inhibition appears to require a certain substrate size (6, 31) .
Many ABC transporters have been shown to exhibit basal ATPase activity, which is stimulated in the presence of transport substrates. P-gp, for example, switches between these two modes: a basal uncoupled mode and a substrate-dependent coupled mode (17) . Prerequisite for such behavior is an intense cross-talk between substrate binding and ATP hydrolysis. However, in the case of the bacterial importers for histidine and maltose, it has been demonstrated that substrate transport and ATP hydrolysis are strictly coupled (18, 19) . Interestingly, the ATPase activity is strictly dependent on the H-loop histidine in these systems. In marked contrast, the uncoupled system Pdr5 exhibits only basal ATPase activity (Fig. S4) , which is not influenced by mutation of the histidine of the H-loop (Fig. 3) . Whether or not this is only coincidence remains to be established. Does the basal, uncoupled ATPase activity of Pdr5 mean a great waste of energy and an evolutionarily drawback? Interestingly, also in the case of the closely related multidrug transporter Cdr1 from C. albicans, if at all, only a very minor stimulation (Ͻ50%) of the basal ATPase activity is observed in the presence of drugs (23) . Obviously, the waste of energy by futile, basal ATP hydrolysis is evolutionarily conserved. First of all, this is no surprise because a strictly coupled multidrug transporter is extremely hard to envision. How can thousands of different inputs (binding of highly diverse substrates) give rise to a single specific answer (stimulated ATP hydrolysis and coupled transport)? As proposed for P-gp, the constant turnover of ATP may 
Mutation of H-Loop Selectively Abolishes Transport of R6G.
Even though Pdr5 is a highly uncoupled transport system, some cross-talk between substrate binding and ATP hydrolysis appears to be conserved. Surprisingly, the H1068A mutation selectively abolished the transport of R6G despite of its expendability for steady-state ATPase activity. Mutant cells showed normal resistance against FA and KA, but were highly susceptible to R123 (Fig. 1) . A complete loss of R6G transport activity was confirmed in vitro (Fig. 3) . Because R6G is still capable to inhibit the activity of the H1068A mutant (Table 1) , presumably by locking the outward facing conformation, we assume that this mutation rather affects the duration of the initial drug binding during nucleotide exchange, when Pdr5 is in the inward facing conformation. Previously, the histidine of the H-loop has been designated a ''linchpin'' because of its intense interactions within a catalytic dyad with the ␥-phosphate of bound ATP and the conserved D-loop to the opposing NBD (14) . Mutation of this residue may have structural effects on the substrate binding site via this network of interactions and explains the changed substrate specificity. However, a much more likely interpretation is that substrate selection by Pdr5 is not only determined by static structural features but also by kinetics. Crucial to an understanding is that, even though it does not affect the steady-state ATPase activity, the H1068A mutant might have changed the kinetics of certain substeps of the catalytic cycle, such as nucleotide binding, hydrolysis, or release, which appear not to be rate-limiting. Manipulating the kinetics of nucleotide binding and release either by mutation (presumably H1068A) or by the use of different nucleotides (e.g., UTP instead of ATP) will change the equilibration time of transport substrates with the inward facing drug binding site. Because also each drug exhibits specific on-and off-rates upon binding and release, an altered duration of equilibration (and competition) between substrates and the drug binding site would result in an altered selection of substrates as well. Such kinetic substrate selection can also explain the somewhat mysterious observation that, even though it is efficiently hydrolyzed by Pdr5, UTP does not mediate R6G transport (7) .
Remarkably, also the ATPase inhibition characteristics were altered by the H1068A mutation. In contrast to WT Pdr5, R6G is not efficiently transported to the outward facing drug binding site in the H1068A mutant. Therefore, this binding site is less populated in the H1068A mutant and higher drug concentrations are required for saturation, which then results in the inhibition of ATPase activity by a conformational lock. Consistent with this model, the K i value for KA, which is efficiently transported by WT Pdr5 and the H1068A mutant, is identical for both variants. Thus, differences in inhibition are only a consequence of the altered substrate selection ( Table 1) .
The idea of a kinetic substrate selection is strongly supported by other mutations identified in the NBDs of Pdr5 (5, 37) and is consistent with the different inhibition of the Pdr5-specific ATPase and UTPase activities by diverse drugs (8) . Very recently, it was proposed that GTP and ATP might be used as an energy source for substrate transport. Fully consistent with our proposed model, the Pdr5-specific ATPase and GTPase activities were differently inhibited by clotrimazole (38) , implying that protein-nucleotide interactions dictate substrate selection and presumably as a consequence ATPase activity inhibition.
In summary, the lack of any observable substrate stimulation implies that Pdr5 is functioning as an uncoupled ABC transporter, i.e., that ATP is constantly hydrolyzed even in the absence of a transport substrate. The new observation that a H1068A mutation abolished R6G transport without affecting the steady-state ATPase activity contributes to the molecular understanding of the communication between substrate binding and ATP hydrolysis and will pave the way for future investigations related to the dynamics of substrate selection, using purified Pdr5 in reconstituted systems.
Materials and Methods
Materials. All chemicals were reagent-grade and obtained from commercial sources. OM represents a mixture of components A, B, and C. Stock solutions of KA, FA, CHX, OM, and FK506 were prepared in dimethyl sulfoxide, and R6G and R123 were dissolved in ethanol.
Yeast Strains and Plasmid Mutagenesis. Yeast strains were cultured either in rich medium (YPD) and synthetic medium supplemented with appropriate auxotrophic components. The following S. cerevisiae strains were used in this study: YALF-A1 (MATa; ura3-52 trp1-1 leu2-3,112 his3-11,15 ade2-1 PDR1-3) , YHW-A5 (MATa ura3-52 trp1-1 leu2-3,112 his3-11,15 ade2-1 PDR1-3 pdr5⌬::TRP1) from the K.K. laboratory strain collection, and YRE1001 (MATa ura3-52 trp1-1 leu2-3,112 his3-11,15 ade2-1 pdr1-3 pdr5pdr5prom⌬::TRP1). A detailed description of plasmid and strain construction can be found in SI Text. Site-directed mutagenesis of PDR5 was performed on plasmid pRE5 with the QuikChange II XL site-directed mutagenesis kit (Stratagene).
Drug Resistance Assays. Drug resistance assays were performed essentially as described, by spotting serial dilutions of exponentially growing cell cultures from a fresh liquid YPD culture onto appropriate drug containing plates (5, 39) .
Isolation of Plasma Membranes. Cells were grown in YPD at 30°C. At an OD600 of 1.5, the nitrogen source was refreshed by addition of a 10th volume of 5ϫ YP (50 g/liter yeast extract; 100 g/liter tryptone/peptone). Cells were harvested at OD600 ϭ 3.5. The isolation of plasma membranes was performed essentially as described in ref. 7 . Further information is provided in SI Text.
Rhodamine 6G Transport Assay. Active R6G transport was recorded according to the protocol developed by Kolaczkowski et al., using a Fluorolog II fluorescence spectrometer (Horiba) (7) . Isolated plasma membranes (30 g of protein) were resuspended in 1 ml of transport buffer [50 mM Hepes (pH 7.0), 5 mM MgCl2, 150 nM R6G, and 10 mM azide] and incubated at 35°C. Transport was initiated by addition of 4 mM ATP. To stop transport reactions, 20 g/ml OM was added to the solution.
ATPase Activity Assays. OM-sensitive ATPase activity of plasma membrane fractions was measured by a colorimetric assay and performed in 96-well microtiter plates (27, 40, 41) . Further information is provided in SI Text.
Drug Titrations. Drug titrations of ATPase activities were fitted to a steadystate kinetic model (30) . This model describes the observed inhibition of the basal Pdr5-specific ATPase activity by increased drug concentrations. The equation represents a simplification of the nonpartitioning model described for human P-glycoprotein (ABCB1) (30) and is given by
where v is the percentage of residual ATPase activity, [drug] is the drug concentration in mol/liter, and Ki is the inhibition constant. The PDR5 promotor (Ϫ1 to Ϫ800 bp) was amplified by PCR from genomic DNA of the S. cerevisiae strain YALF-A1.
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Templates and oligonucleotides are listed in Table S1 . The PCR product was ligated into the pGEM-T-EASY vector (Promega). The PDR5 promotor was subcloned via AscI and PacI into pFA6a-HIS3-MX6 (1). Linearization of this plasmid with NsiI and PacI allowed for the insertion of an annealed oligonucleotide pair, encoding a removeable N-terminal 14-histidine-tag. The resulting plasmid including the Schizosaccharomyces pombe his5 ϩ auxotrophy marker, the PDR5 promotor and a coding region for a N-terminal affinity-tag was designated pRE3.
Construction of Yeast Strains. For the mutagenesis of chromosomal PDR5, the specialized cloning strain YRE1001 was constructed.
Using the pFA6a-TRP1 (1) deletion cassette, the PDR5 promotor (Ϫ1 to Ϫ800 bp) and major parts of PDR5 (from the start codon to the unique AatI restriction site) were disrupted. The correct excision event was confirmed by PCR using the primers listed in the Table S1 .
Construction of a PDR5 Knockin Cassette. The coding sequence of PDR5 was amplified from pCKSF1 by PCR (2). The product was ligated into the pGEM-T-EASY vector via the restriction sites SphI and SpeI. As second step the PDR5 promotor, the coding sequence for a N-terminal 14-histidine-tag and S. pombe his5 ϩ marker were amplified from pRE3 and inserted into the restriction sites ApaI and HindIII, thereby substituting the coding region for an N-terminal FLU-tag. A silent mutation was introduced to remove the SpeI restriction site in the S. pombe his5ϩ marker region. The resulting plasmid, pRE5, enables expression of Pdr5 with a removable N-terminal 14-histidine-tag, driven by PDR5 promotor (for overexpression) and the S. pombe his5 ϩ auxotrophy marker (for selection). The plasmid pRE5 also served as the template for sitedirected mutagenesis of PDR5. Before transformation of the cloning strain YRE1001 the knock-in cassette was linearized with ApaI and SpeI. The homologous recombination at the To generate a topology model of WT Pdr5, the TMHMMfix algorithm was used (www.sbc.su.se/Ϸmelen/TMHMMfix) (6) . The N-and C-terminal amino acids were defined to be inside (cytoplasmatic). The resulting model was visualized by the TOPO2 transmembrane protein display software (www.sacs.ecsf.edi/TOPO2). The Walker A motifs are shown in blue, the Walker B motifs are shown in green, and the C-loop are shown in red. Residues that were mutated in this study are shown in orange.
Fig. S2
. Drug resistance assay in liquid culture. The drug susceptibilities to R6G and azole derivatives were tested in cells expressing either WT or mutants of N14-His-tagged Pdr5 (PDR5 WT). The microdilution method was performed essentially as described in ref. 7 . Shortly, a fresh yeast culture was grown in YPD to an OD 600 of Ϸ1.0 and diluted to an OD600 of 0.5. This cell suspension was inoculated into YPD with serial dilutions of cytotoxic drugs in a microtiter plate to an OD 600 of 0.05 (final volume 250 l). The plates were incubated for Ͼ40 h at 30°C. The OD600 value of each well was determined and plotted against its corresponding drug concentration. (A-C) The results for mutants located in the highly conserved Walker A motifs of NBD1 (C199A) and NBD2 (K911A). Cells expressing the C199A mutant display WT levels of drug resistance for R123, KA, and FA. In contrast, the cellular drug resistance is strongly impaired by the K911A mutation. (D-F) The results for mutants of the glutamate adjacent to the Walker B motif (E1036Q) and the histidine of the H-loop (H1068A). Cells expressing the E1036Q mutant showed severly reduced resistance against all three substances, whereas an intermediate resistance against KA was observed for the H1068A mutant. H1068A mutant cells were highly susceptible to R123 and FA. were incubated with R6G, and the fluorescence signal was recorded. After 650 s, the reaction was started by the addition of Mg 2ϩ /ATP. Only membranes derived from PDR5 overexpressing cells (filled circles) mediated R6G fluorescence quenching, while membranes from a pdr5⌬ strain did not (gray circles). Full reversibility of R6G quenching was confirmed by addition of OM (20 g/ml) after 1,300 s. A small decrease in fluorescence upon addition of Mg 2ϩ /ATP and OM is partly due to dilution. Fig. S4 . Pdr5-specific ATPase activity is uncoupled. The Pdr5-specific ATPase activity in isolated plasma membranes was plotted against the added drug concentration. Examples for ATPase activity inhibiting drugs: FK506 (gray squares), R6G (dark gray triangles) and KA (filled circles). 100% basal ATPase activity represents the activity of the preparation in the absence of added drug. The solid lines are fits to the data using a model for ATPase inhibition by inhibitory drug concentrations employing Eq. 1 in the main text. Table S1 . Materials used for plasmid and yeast construction 
